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SKELETAL MUSCLE IS THE KEY PERIPHERAL TISSUE SITE of the insulin resistance in type 2 diabetes, manifested as decreased insulinstimulated glucose uptake and storage (3) . Evidence supporting the role of genetic factors in the development of insulin resistance in type 2 diabetes includes the familial clustering of insulin resistance (13) , the study of rare severe phenotypes (18) , and the retention of defects of insulin action in cultured human muscle cells (8, 9, 14) . We and others have shown defects of insulin action in cultured muscle cells from patients with type 2 diabetes and nondiabetic first-degree relatives of type 2 diabetic patients (8, 9, 14) . However, although recent genome-wide association studies of type 2 diabetes have identified more than 40 susceptibility loci, few appear to impact upon insulin action (4) .
We sought to optimize the chance of identifying genetic variants related to insulin resistance and type 2 diabetes. We established skeletal muscle cell cultures from patients with both a familial predisposition to type 2 diabetes and clinical evidence of marked insulin resistance and from nondiabetic control subjects with normal glucose tolerance and no family history of diabetes. As reported previously, insulin action was normal in the diabetic myoblasts, but upon differentiation to mature multinucleated myotubes there was both decreased insulin-stimulated glucose uptake and glycogen synthesis (14) .
This observation led us to the hypothesis that changes in gene expression during myotube differentiation contributed to the impaired action of insulin in the diabetic muscle cultures. Therefore, the specific aim of this study was to use microarray technology to compare gene expression between the diabetic and control differentiated myotube cultures.
METHODS
Study subjects. Muscle biopsies were obtained from six type 2 diabetic patients with clinical evidence of marked insulin resistance. None of the patients had partial lipodystrophy. Specifically, we recruited type 2 diabetic patients who were insulin treated, which required Ͼ100 U/day in the absence of marked obesity (BMI Ͻ32kg/ m 2 ), and who had at least one first-degree relative with type 2 diabetes. All patients had been treated with diet and oral hypoglycemic agents for Ն3 yr after diagnosis before starting insulin treatment. Skeletal muscle was acquired from six nondiabetic control subjects with no family history of type 2 diabetes. The control and diabetic subjects were matched for age and BMI. All subjects gave written informed consent, and the study was approved by the Newcastle and North Tyneside Joint Ethics Committee. Clinical characteristics are summarized in Table 1 .
General chemicals and reagents. Cell culture medium was obtained from Lonza. Foetal bovine serum (FBS) and Trizol reagent were obtained from Life Technologies (Paisley, UK). Chick embryo extract was purchased from Sera Labs International (Sussex, UK), and antibodies were obtained from New England Biolabs (Herts, UK). The Human U133 Plus 2.0 expression arrays were obtained from Affymetrix. 2-Deoxy-D- [2,6- 3 H]glucose was purchased from NEN (Boston, MA). Cytokine ELISA kits were from Qiagen (Sussex, UK). The p38 MAPK inhibitor SB-203580 was purchased from Tocris Bioscience (Bristol, UK).
Cell culture. Muscle biopsies were obtained from the vastus lateralis and satellite cells isolated, as described previously (1) . Cultures were purified as described previously (14) using a magnetic bead system (Miltenyi Biotec). Briefly, cells were harvested and resus-pended in PBS containing 2 mM EDTA and 5% (vol/vol) FBS and incubated with anti-CD56 antibody, which recognizes a musclespecific cell surface antigen. After washing and incubation with microbead-conjugated secondary antibody, the cell suspension was applied to an MS column within a magnetic field. The cells with microbeads attached were retained on the column, and other cells passed through the column. The cells retained in the column were eluted and returned to culture. Muscle cell origin was confirmed immunohistochemically using antibodies to the muscle-specific protein desmin. Myoblasts were cultured in Ham's F-10 medium supplemented with 20% (vol/vol) FBS and 2% (vol/vol) chick embryo extract. Differentiation was induced by changing the media to minimal essential media supplemented with 2% (vol/vol) FBS. All experiments were performed on day 7 differentiated myotubes between passages 5 and 8.
RNA isolation, cDNA synthesis, and array hybridization. RNA was extracted from myoblasts and myotubes differentiated for 7 days using Trizol as per the manufacturer's instructions. Briefly, cells were lysed in Trizol, homogenized, and incubated at room temperature for 5 min. After the addition of 0.2 volumes of chloroform, the samples were mixed and centrifuged at 12,000 g for 15 min at 4°C; 0.5 volumes of isopropanol was added to the upper aqueous phase before centrifugation at 12,000 g for 10 min at 4°C. The pellet was washed with 75% ethanol and centrifuged at 7,500 g for 5 min at 4°C before being resuspended in 20 l of RNase-free water. cDNA synthesis was performed using Superscript II (Life Technologies) and the cDNA cleaned up using the recommended protocol. Fragmented, biotinylated cRNA was produced using recommended protocols (Affymetrix). Hybridization of the cRNA took place at 45°C for 16 h in a GeneChip Hybridization Oven 640 (Affymetrix) to Affymetrix Human Genome U133 Plus 2.0 Arrays. The arrays were subsequently washed and stained in a GeneChip Fluidics Station 400. Finally, the arrays were scanned in a GeneChip Scanner 3000.
Array data analysis. The arrays were normalized in GeneSpring GX software (Agilent) by RMA and baseline transformation to the median of all samples. Data were log transformed to obtain a normal distribution and differences in expression between the controls and diabetic myotubes and myoblasts determined. P values were calculated in GeneSpring using Student's t-test adjusted for false discovery rate correction using the Benjamini-Hochberg method. Pathway analysis was performed with gene set enrichment analysis (GSEA) (20) , using both myoblast and myotube data. Curated gene sets (c2) in MSigDB were used in the analysis. Gene set size filters filtered out 1,053 gene sets, leaving 3,669 curated gene sets to take part in the analysis, with 2,000 gene set permutations to obtain the nominal P values.
The data have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession no. GSE55650 (http:// www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accϭGSE55650).
Quantitative real-time PCR. Quantitative real-time PCR was performed on a LightCycler 480 (Roche) using either SYBR green or Taqman primers and probes. Multiplex reactions were performed in a final volume of 20 l using the Quantifast Multiplex master mix (Qiagen). Single-color reactions were performed with Probes Master mix (Roche), using ␤ 2-microglobulin as a reference gene. IL-6 (Hs00985639_m1) was obtained from Applied Biosystems as a predesigned Taqman primer-probe mix. Other primers and probes used were IL-8 (forward: GCAGAGCACA-CAAGCTTCTAGG; reverse: ATCAGGAAGGCTGCCAAGAGA; probe: TxRed-ACTTCCAAGCTGGCCGTGGC-BHQ2), monocyte chemoattractant protein-1 (MCP-1; forward: CTCAGCCAGATGCAATCAATG; reverse: AGATCTCCTTGGCCACAATGG; probe: Cy5-CAGTGCAGAG-GCTCGCGAGC-BHQ2), and ␤ 2-microglobulin (forward: GCCTGCCGT-GTGAACCAT; reverse: TTACATGTCTCGATCCCACTTACCTATC; probe: FAM-TGACTTTGTCACAGCCCA-TAMRA). SYBR green reactions were performed using LightCycler 480 SYBR green I mastermix (Roche). Primers used were myxovirus (influenza virus) resistance 1, interferon-inducible protein p78 (MX1; forward: GTTTCCGAAGTGGA-CATCGCA; rev: CTGCACAGGTTGTTCTCAGC) and bone marrow stromal cell antigen 2 (BST2; forward: CACACTGTGATGGCCCTAATG; reverse: GTCCGCGATTCTCACGCTT). Results were analyzed using the standard curve method from a six-point serially diluted standard curve.
Western blotting. Cells were lysed in extraction buffer [100 mM Tris·HCl, pH 7.4, 100 mM KCl, 1 mM EDTA, 25 mM KF, 1 mM benzamidine, 0.5 mM Na 3VO4, and 0.1% (vol/vol) Triton X-100] plus protease inhibitor cocktail (Pierce) before sonicating for 10 s. Protein concentrations were determined spectrophotometrically at 595 nm by a Coomassie binding method. Ten-microgram samples were prepared in Laemmli sample buffer [0.125 M Tris·HCl, pH 6.8, 4% (wt/vol) SDS, 20% (vol/vol) glycerol, 10% (vol/vol) 2-mercaptoethanol, and 0.004% (wt/vol) bromophenol blue] and boiled for 5 min. After separation on 10% SDS-PAGE gels, proteins were transferred to PVDF membranes using a mini-Hoeffer gel transfer system. After incubation with the appropriate antibodies, detection took place using enhanced chemiluminescence. Densitometry was performed using a Bio-Rad Molecular Imager GS-800 calibrated densitometer and Quantity One software.
Cytokine ELISA. Secretion of specific molecules was determined by enzyme-linked immunosorbent assay (ELISA) using the SingleAnalyte ELISArray (Qiagen). Skeletal muscle cell cultures were allowed to differentiate for 7 days. Cells were incubated in fresh medium for the last 24 h of differentiation. After 24 h, medium was removed, centrifuged at 1,000 g for 10 min, and assayed for secretion of specific cytokines according to the manufacturer's protocol. A standard curve was generated by serial dilution of the provided antigen standard, and absorbance was read at 450 nm. Background absorbance was subtracted from the values, and the protein concentrations of the samples were calculated from the standard curve. The detection limit for each ELISA was as follows: IL-6, 5.01 pg/ml; IL-8, 64.16 pg/ml; and MCP-1, 13.90 pg/ml. The coefficients of variation for all ELISAs were Ͻ15%.
Glucose uptake. Measurement of 2-deoxy-D-[2,6-3 H]glucose uptake took place in 12-well cluster plates. Diabetic myotubes were treated for the last 18 h of differentiation with 10 M SB-203580 before incubation in Krebs' buffer (136 mM NaCl, 4.7 mM KCl, 1.25 mM MgSO4, 1.2 mM CaCl2, and 20 mM HEPES, pH 7.4) with or without 100 nM insulin or cytochalasin B (10 M) for 20 min; 0.1 mM 2-deoxyglucose and 0.5 Ci 2-deoxy-D- [2,6- 3 H]glucose were added to each well and incubated for a further 10 min. The reaction was stopped by washing the plate rapidly in ice-cold PBS. Cells were lysed in 0.05% SDS before scintillation counting and protein determination.
Statistical analysis. For GSEA, a false discovery rate of Ͻ0.25 and a family-wise error rate (FWER) of Ͻ0.05 were considered signifi- cant. Upstream regulator analysis in diabetic myotubes was performed using ingenuity pathway analysis (IPA) (Ingenuity). An overlapping P value of Ͻ0.01 and activation z-score Ͼ2 (activating) and smaller than Ϫ2 (inhibiting) were considered significant.
All results are expressed as means Ϯ SE. Student's t-tests were used to compare two groups and to test for changes after treatment with P Ͻ 0.05 was considered significant.
RESULTS
Microarray and gene set enrichment analyses. DNA microarray technology was used to compare the differences in gene expression in both myoblasts and differentiated myotubes in type 2 diabetic skeletal muscle cell cultures and age-and BMI-matched controls (Table 1) . GeneSpring analysis showed that in both myoblasts and myotubes there were no genes significantly altered at an individual level in the diabetic muscle cultures compared with controls after correction for multiple testing.
Therefore, GSEA was used to identify any coordinated changes in gene expression within specific gene sets and pathways. Because the previously identified defects of insulin action in the diabetic muscle cell cultures were apparent only with differentiation from myoblasts to myotubes (14) , we focused on the analysis between diabetic and control myotubes.
Applying the stringent cutoff of FWER Ͻ0.05, 49 gene sets were significantly upregulated in diabetic myotubes compared with control myotubes. The top 10 upregulated gene sets in the diabetic myotubes are listed in Table 2 . Most of the significantly upregulated gene sets are related to inflammation. In particular, gene sets obtained by the incubation of cell lines with interferons are particularly highly represented. Conversely, 13 gene sets were significantly downregulated in the Analysis was performed using gene set enrichment analysis (GSEA), and a family-wise error rate (FWER) of Ͻ0.05 was considered significant. Nos. in parentheses indicate the size of the gene set. diabetic compared with the control myotubes (the top 10 are listed in Table 3 ). It is worth noting that the inflammatory-related gene sets upregulated in the diabetic myotubes (Table 2) were not upregulated in the corresponding diabetic myoblast cultures.
Upstream regulators of proinflammatory gene sets.
Given the preponderance of inflammatory-related gene sets upregulated in the diabetic myotubes, IPA was used to identify potential upstream regulators of these pathways. Table 4 lists the top regulators and their predicted activation state based on the direction of change in expression of genes in the diabetic myotubes compared with controls. The top predicted activator was TNF. Consistent with the GSEA, interferon-␥ (IFN␥) was also predicted to activate the pathways upregulated in the diabetic myotubes. Taking the GSEA and IPA results together, gene expression of the top predicted regulators was measured by quantitative PCR to determine whether expression of these regulators was different between diabetic and control myotubes. TNF and interferon-␣ (IFN␣) were expressed at very low levels in myoblasts, with levels increasing slightly in myotubes in both control and diabetic cells. However, there were no significant differences in expression between the diabetic and control myotubes. Similarly, interferon-␤ (IFN␤) and endothelial PAS domain protein 1 expression were also comparable between diabetic and control cells. IFN␥ expression was undetectable in muscle cells, thus suggesting that these molecules are not the upstream regulators mediating the increased inflammatory profile observed in the isolated diabetic muscle cells (data not shown).
p38 MAPK activation and inhibition in diabetic myotubes. Another predicted regulator was the p38 MAPK inhibitor SB-203580 (Table 4) . p38 MAPK is a stress kinase that occupies a central point in the pathway regulating inflammatory processes, and increased activation of this protein has been reported previously in skeletal muscle from type 2 diabetic patients (11) . Therefore, activation of p38 MAPK was examined in the control and diabetic cultures in day 7 myotubes. Phosphorylation of p38 MAPK was found to be significantly increased under both basal (P ϭ 0.02) and 30-min insulin stimulation (P ϭ 0.002) conditions in the diabetic myotubes compared with controls ( Fig. 1) . Of all the key predicted regulators identified using IPA and described above, p38 MAPK was the only one examined that was significantly different between diabetic and control myotube cultures.
This increase in p38 MAPK phosphorylation led to the following question: Would inhibition of p38 MAPK with SB-203580 improve the inflammatory profile of the diabetic myotubes and increase insulin-stimulated glucose uptake? We examined the expression and secretion of the proinflammatory EPAS1, endothelial PAS domain protein 1; IGF-IR, IGF-I receptor; IKZF1, IKAROS family zinc finger 1; AHR, aryl hydrocarbon receptor; IRF7, interferon regulatory factor 7; SREBF1 and -2, sterol regulatory element-binding transcription factor 1 and 2, respectively. Upstream regulator analysis was used to identify potential upstream factors involved in the increased inflammatory profile observed in the diabetic myotubes compared with control myotubes. The top 10 predicted activators and the 6 predicted inhibitors are ranked based on activation score. Fig. 1 . Phospho-p38 MAPK in 6 control and 6 diabetic day 7-differentiated myotubes. Muscle cell cultures were differentiated for 7 days before being treated with 100 nM insulin for 30 min and before protein extracts were made. Western blots were performed using the appropriate antibodies. Densitometry is presented as the mean Ϯ SE from 6 separate cultures in each group. Ϫ, Basal; ϩ, insulin stimulation. Open bars, basal; black bars, insulin stimulated. *P ϭ 0.02; **P ϭ 0.002. cytokines IL-6, IL-8, and MCP-1 and the expression of MX1 and BST2. These were chosen because they satisfy one or more of the following criteria: 1) they are in the list of top genes upregulated in the diabetic cells compared with controls (Table 5) , 2) they are molecules identified by GSEA as being involved in the enrichment score for the top gene sets upregulated in the diabetic myotubes, or 3) they are target molecules of the upstream regulators identified by Ingenuity. Ingenuity analysis predicted that SB-203580 would affect 31 target molecules, 17 of which were also present in the other upstream regulator groups. Day 7-differentiated control and diabetic myotubes were treated for either the last 18 h of differentiation or for the 7-day duration of differentiation with 10 M SB-203580. In keeping with the gene set analysis data, there was a pattern of upregulation of cytokine expression in the diabetic myotubes (Figs. 2 and 3) . After 18 h of treatment, expression of IL-6, IL-8, and MCP-1 decreased in both control and diabetic myotubes ( Fig. 2A ). There were no significant changes in MX1 or BST2 expression (Fig. 2B) . Similarly, after 7 days of treatment, IL-6, IL-8, and MCP-1 decreased in both the control and diabetic cultures (Fig. 3A) . There was no change in MX1 or BST2 expression in control cultures, whereas BST2 was significantly decreased in the diabetic cultures (Fig. 3B) . Release of IL-6, IL-8, and MCP-1 into the medium was also significantly decreased after SB-203580 treatment (data not shown). However, SB-203580 treatment did not improve insulin-stimulated glucose uptake in the diabetic myotube cultures after either 18 h (Fig. 4A ) or 7 days of treatment (Fig. 4B ).
DISCUSSION
The key finding of this work was the coordinated upregulation of inflammatory pathways in differentiated diabetic myotubes identified using both GSEA and Ingenuity analyses. Of the potential upstream regulators of these pathways, we found that p38 MAPK activation was increased in the diabetic myotubes and selective p38 MAPK inhibition decreased the inflammatory profile in these cultures. The implications of these findings are that skeletal muscle contributes to the inflammatory process in type 2 diabetes and involves activation of the p38 MAPK pathway.
Increased activation of p38 MAPK has been demonstrated previously in both skeletal muscle (11) and adipocytes (2) from type 2 diabetes patients. However, neither study explored whether p38 MAPK inhibition directly affected insulin action in the tissues derived from the diabetic patients. We are the first to show that p38 MAPK inhibition in diabetic skeletal muscle cells did not improve the retained defect of insulin-stimulated glucose uptake despite decreasing inflammatory cytokine expression. We also observed a decrease in cytokine expression after p38 MAPK inhibition in the control cultures. This indicates that p38 MAPK regulates cytokine expression in nondiabetic muscle but also that the activation is increased in muscle from diabetic subjects. Conflicting findings have been reported in relation to p38 MAPK activation and insulin action under other conditions. In a model of insulin resistance in 3T3-L1 adipocytes, inhibition of p38 MAPK did not prevent insulininduced loss of IRS-1 protein (2). Hepatic expression of a 4 . A: insulin-stimulated glucose uptake in diabetic muscle cultures after 18 h of SB-203580 treatment. Day 7 myotubes were treated with p38 MAPK inhibitor for the last 18 h of differentiation before glucose uptake was measured. Data are presented as the mean Ϯ SE from 5 cultures. Open bars, basal; black bars, insulin stimulated. B: insulin-stimulated glucose uptake in diabetic muscle cultures after 7 days of SB-203580 treatment. Myotubes were treated for the duration of differentiation before glucose uptake was measured. Data are presented as the mean Ϯ SE from 6 cultures. Open bars, basal; black bars, insulin stimulated. **P ϭ 0.001; ***P ϭ 0.0007; ****P Ͻ 0.0001. dominant-negative p38 MAPK in vivo lowered fasting insulin levels, whereas overexpression of wild-type p38 resulted in increased serine phosphorylation on IRS-1 (7). Conversely, in the liver of ob/ob mice expressing constitutively active MKK6, an upstream activator of p38 MAPK, increased p38 MAPK activity was associated with improved glucose tolerance (12) .
Cytokine expression can be increased via a number of signaling pathways in skeletal muscle, including p38 MAPK, NF-B, JNK, and the JAK-STAT pathway. However, the pattern of inflammatory expression may differ. This is illustrated by the recent report of Green at al. (6) . They studied cultured skeletal muscle cells from obese diabetic patients and found evidence of increased NF-B activation. This was associated with a trend toward increased TNF␣ and decreased IL-6 expression. They found that suppression of NF-B activity via AMPK activation normalized the cytokine response but did not improve insulin action. This is in keeping with our own findings and indicates that although upregulation of inflammatory-related genes through the activation of different signaling pathways is a feature of cultured diabetic muscle cells, the accumulating evidence suggests that this proinflammatory state does not contribute directly to the retained defects of insulin action.
A number of studies describing microarray data from native skeletal muscle have been published (15, 16, 19) , and they have identified altered expression of genes involved with metabolism in diabetic muscle. However, this altered gene expression is likely to result from the combination of retained primary genetic/epigenetic and secondary metabolic/lifestyle effects. It is worth noting that glycemic control was generally poor in our diabetic patients despite high-dose insulin treatment. Hyperglycemia per se can contribute to the insulin-resistant state in vivo, and so to limit any residual confounding effect, we cultured the diabetic and control muscle cells under standardized conditions out to passages 5-8 before conducting our experiments. An earlier study of gene expression by microarray in cultured human diabetic and control muscle cells found no robust differences between the two groups (5). However, it is interesting to note that a proinflammatory interferon-␥ pathway was in the top 10 gene sets upregulated in the diabetic cultures, although this was of nominal statistical significance. This latter study was conducted on male participants. Although our study included males and females, it has been shown previously that age, but not sex, influences gene expression patterns in skeletal muscle (10) .
It is widely accepted that low-grade inflammation is a feature of type 2 diabetes. Our work supports the growing body of evidence that skeletal muscle is involved in this proinflammatory state. This could in turn contribute indirectly to the peripheral insulin resistance in type 2 diabetes. Increased cytokine release, particularly MCP-1, would be predicted to promote local inflammatory cell infiltration and amplification of the inflammatory process. This is supported by the observation that CD163 macrophage-specific antigen concentration and macrophage content are increased in skeletal muscle from type 2 diabetic patients (21) and in murine models of obesity and insulin resistance (17) , respectively.
In conclusion, we found an increased inflammatory profile and p38 MAPK activation in differentiated myotubes from insulin-resistant type 2 diabetic patients and that inhibition of p38 MAPK decreased cytokine expression but did not affect insulin-stimulated glucose uptake.
